Although the application of multiple chemotherapy brought revolutionary changes to improve overall survival of osteosarcoma patients, the existence of multidrug resistance (MDR) has become a great challenge for successful osteosarcoma treatment in recent decades. Substantial studies have revealed various underlying mechanisms of MDR in cancers. As for osteosarcoma, evidence has highlighted that microRNAs (miRNAs) can mediate in the processes of DNA damage response, apoptosis avoidance, autophagy induction, activation of cancer stem cells, and signal transduction. Besides, these drug resistance-related miRNAs showed much promise for serving as candidates for predictive biomarkers of poor outcomes and shorter survival time, and therapeutic targets to reverse drug resistance and overcome treatment refractoriness. This review aims to demonstrate the potential molecular mechanisms of miRNAs-regulated drug resistance in osteosarcoma, and provide insight in translating basic evidence into therapeutic strategies.
targets for extending survival time of OS patients. Noticeably, extensive evidence has supported the involvement of miRNAs in OS pathogenesis.
In recent years, miRNAs have been explored to have a close connection to the mechanisms of pathogenesis and drug resistance in different cancer types, and establish a competitive endogenous RNA regulatory network that remains to be investigated. [10] [11] [12] [13] Inspiringly, miRNAs seem to play an emerging role in OS drug resistance. 14, 15 This might provide a brand-new insight in seeking for promising prognostic biomarkers and therapeutic targets for successful treatment in OS. To our knowledge, a single miRNA can target at least 200 genes involved in one signalling pathway or diverse signalling pathways. 16 Therefore, miRNAs might be valuable and effective for treating cancers with inherent heterogeneity and abnormality of multiple genes, among which OS can be taken as a good example.
In this review, we will elaborate on the emerging role of miRNAs in OS drug resistance under the mechanisms of DNA damage response, apoptosis avoidance, autophagy induction, activation of cancer stem cells (CSCs), and alteration in signal pathways. Also, we will provide insight in the potential clinical utility of these miRNAs as promising biomarkers and therapeutic targets to reverse chemoresistance.
| BIOGEN ESIS AND BIOLOGICAL

FUNCTION OF MIRNAS
microRNAs (miRNAs) were first discovered by Victor Ambros et al in 1993, and perceived as endogenous small RNA molecules with biologically regulatory functions. 17 They are broadly conserved sequences among species with only 18-25 nucleotides in length for their mature forms, and have regulatory roles in gene expression at the post-transcriptional level. 18, 19 Through binding to the 3′-untranslated region (3′-UTR) perfectly or imperfectly, they consequently contribute to the translational suppression or the degradation of diverse target mRNAs. 20 The detailed biogenesis process and functional mechanism of miRNAs have been well-elucidated ( Figure 1 ). It has been estimated that over 70% of human genome DNA has transcripts. Among them, about 2% transcripts code for protein synthesis and 3% can transcribe endogenous miRNAs. Of note, over 30% of human genes are under the regulation of miRNAs. 19, 21 Intriguingly, a single small miRNA can interact with several regions of one or multiple target mRNAs. Conversely, a mRNA can be modulated by a multitude of miRNAs simultaneously, which is a unique advantage of miRNAs for cancer treatment.
Evidence has accumulated that miRNAs participate in various biological processes, 22, 23 such as development, proliferation, differentiation, apoptosis, cell cycle, and metabolism, together with some human diseases 24 including cancer. 25 These deregulated miRNAs can be categorized as oncogenic ones and tumour suppressor ones. They play a regulatory function in tumourigenesis, progression, or chemosensitivity of different cancers. Besides, some miRNAs were reported to possess clinical values as predictive factors or therapeutic targets. [26] [27] [28] Noticeably, the emerging role of miRNAs in OS chemoresistance has been reported in recent studies, holding promise for improving the quality of life in OS patients. 15 
| MIRNAS-MODULATED DRUG
RESISTANCE IN CANCER
| DNA damage response
Cytotoxic agents can cause cellular DNA damage and initiate a cellular stress response called DDR, which aims to repair existing DNA lesions through temporary cell cycle arrest and protect cells from irreversible damage. 32 To our knowledge, the DDR process contains DNA tolerance mechanisms, base excision repair, nucleotide excision repair, mismatch repair, and DNA double-strand break repair. 41 It has been reported that there exists an interplay between DDR genes and noncoding RNAs (ncRNAs) including miRNAs in cancer. 42, 43 Several recent studies have shown that miRNAs can be a regulator of OS drug resistance via involving in DDR mechanism (Table 1) .
MiR-124 was previously reported to regulate glucocorticoid resistance in haematological malignancies, for which glucocorticoid is common therapeutic drug. 44, 45 Up-regulated miR-124 was newly shown to enhance cell response to diverse DNA-damaging drugs by binding to the 3′-UTR of ATMIN and PARP1 mRNAs in U2OS cells. 46 Protein PARP1, an abbreviation of poly (ADP-ribose) polymerase 1, is well-known to attract DNA repair proteins for repair through binding to DNA breaks. 47 Its inhibitors have been validated to sensitize cancer cells and have an anticancer effect in various cancers. 48, 49 Protein ATMIN (ATM interactor) interacts with a significant DNA damage checkpoint kinase, ataxia telangiectasia mutated (ATM), and regulates ATM activity for DNA repair. 50 The role of miR-15b in cancer drug resistance has been reported in the last decade. 51 A recent study 52 As we all know, intracellular genomic instability is an intrinsic hallmark of tumourigenesis and tumour progression. Some cancer cells rely on a limited set of repair mechanisms for survival. Studies have found that disruption of DNA damage repair pathways can be utilized for current anticancer therapies. 53, 54 However, it is still obscure in OS chemotherapy and requires deeper exploration of potential mechanisms of miRNAs-regulated DDR in OS.
| Apoptosis avoidance
Cell apoptosis, characterized by permanent cell cycle arrest, is a complicated prodeath process elicited by activation of a cascade of intracellular caspases. 55, 56 It is believed to predict the treatment effect of anticancer drugs. The perturbations in apoptotic process result in uncontrolled cell proliferation, which is an outward manifestation of resistant cancer cells. Previous studies suggest that molecules implicated in apoptotic process can serve as effective targets to reverse cancer drug resistance. 57 Inspiringly, recent researches have demonstrated that miRNAs regulate cell apoptosis by affecting apoptosis-related proteins to obviously influence chemotherapy sensitivity of OS cells ( Figure 3 , Table 2 ).
MiR-126 is a key regulator in inflammation and angiogenesis. and TDX, accompanied by overexpression of p21 in a p53-dependent manner. 63 Elevated miR-301a enhanced drug resistance because of apoptosis avoidance by directly targeting AMPKa1. 64 It has been identified that miR-21 mostly exerts oncogenic roles in cancers including OS. 65 A study revealed that Bcl-2 expression had a positive connection with miR-21 which inhibited apoptosis and induced a resistance to CDDP, while Bcl-2 siRNA ameliorated miR-21-induced resistance. 66 Another recent study identified Spry2 as a direct target of miR-21, and confirmed the positive role of miR-21in OS drug resistance. 67 Time-dependent expression of miR-184 was observed in OS cells treated with DOX and up-regulated miR-184 caused a poor drug response through targeting bcl-2-like protein 1 (BCL2L1). 68 MiR-367 negatively modulated DOX-induced apoptosis via coupling with KLF4, which could enhance cell apoptosis by regulating Bax and Bcl-2. 69 MiR-488 was induced by hypoxia because HIF1-α could interact with the hypoxia response element (HRE) within miR-488 promoter. Overexpressed miR-488 resulted in apoptosis avoidance, drug resistance, and promoted proliferation by binding to bcl-2-interacting mediator (BIM) of cell death, while an opposite result was obtained via using miR-488 inhibitor. 70 MiR-202 was found to be up-regulated in OS tissues and could be induced by TGF-β1 in OS cells. MiR-202 mimics transfection led to a significant promotion of chemoresistance together with a decrease in the expression of an apoptosis-related protein PDCD4, while miR-202
inhibitor triggered an opposite effect. 71 Increased miR-33a was observed in chemo-resistant OS and in vitro data showed that miR33a enhanced drug resistance by inhibiting CDDP-induced apoptosis in OS cells with a negative regulation of TWIST. On the contrary, decreased miR-33a by antagomir-33a promoted cell apoptosis and increased levels of TWIST mRNA. 72 Oncogenic miRNA-193a-5p modulated cell viability, colony-forming capacity, and CDDP-induced apoptosis in OS cells through targeting TAp73β, 73 an isoform of P73 which belongs to the P53-related transcription factor family and regulates genome stability and chemosensitivity. 74 MiR-34a-5p was discovered to promote MDR of OS by targeting angiotensin II type 1 receptor (AGTR1) in sensitive (G292) and resistant (SJSA1) OS cells, and function of miR-34a-5p in drug resistance was further verified in G292 and SJSA1-derived xenografts. 75 Collectively, these oncogenic or tumour suppressor miRNAs contribute to OS drug resistance by regulating expression of apoptosisrelated genes to avoid cell apoptosis, such as CCND1 and BCL2.
Considering that BCL2 is a classic anti-apoptotic protein that promotes cell survival by inhibiting activation of a caspase cascade, and is associated with several miRNAs in OS chemoresistance, it's presumable that BCL2 might be critical for the reversal of MDR in OS.
However, further identification and confirmation of the above F I G U R E 3 Aberrant expression of apoptosis-related miRNAs miRNAs is needed and great efforts should be invested to translate these findings into clinical applications.
| Autophagy induction
On one hand, autophagy refers to a lysosomal degradation pathway by secluding damaged or excess cellular molecules and organelles within autophagosomes and clearing them to keep cellular homeostasis. 76 On the other hand, it's a protective prosurvival pathway by sustaining a balance among the synthesis, degradation, and succeeding recycling of essential molecules in the condition of nutrient deprivation. 77 Conversely, autophagy will trigger cell death in the context of excessive loss of proteins, indicating that autophagy can exert paradoxical roles. 78 Accumulated evidence has highlighted the participation of autophagy regulation in cancer diseases including OS, [79] [80] [81] and revealed the promoted activity of this degradative pathway after administration of cytotoxic drugs to acquire drug resistance. [82] [83] [84] Recently, the involvement of autophagy modulated by miRNAs in OS drug resistance has been explored (Table 1) .
MiR-101 is viewed as an important regulator in fibrotic diseases
and is used as therapeutic agents. 85 But except for that, it is also newly reported in cancer drug resistance. MiR-101 significantly blocked the expression of autophagy-related gene in U2OS cells and promoted cell sensitivity to DOX treatment. 86 MiR-22 was reported to couple with high-mobility group box 1 (HMGB1) and suppress HMGB1-modulated autophagy in OS cells treated with DOX and CDDP. 87, 88 Previous studies imply that HMGB1, a chromatin-binding nuclear protein, can regulate the balance of autophagy and apoptosis, and promote drug resistance by facilitating autophagy in OS cells with administration of agents. 89, 90 It was confirmed that miR-30a targeting
Beclin-1 reduced chemoresistance to DOX via inhibition of Beclin-1-regulated autophagy in vitro. 91 MiR-199a-5p also bound to Beclin-1 contributing to blockage of autophagy and CDDP-induced cytotoxicity in MG63 cells. 92 Multifunctional miR-155 is enriched and important in cellular immune system, and its overexpression is well-known to result in cancer development and drug resistance. The miR-155-based therapy has been commonly considered in cancer treatment. 93 A recent study revealed that elevated expression of miR-155 promoted autophagy induced by anti-cancer drugs and increased cell viability to modulate drug resistance in OS cells. 94 MiR-140-5p played a positive role in OS drug resistance through induction of autophagy with a direct interaction with inositol 1,4,5-trisphosphate kinase 2 (IP3k2). 95 Since autophagy is a double-edged sword in the process of biological degradation, and tight control of autophagy is beneficial for the survival of normal or cancer cells, it would be a considerable notion that manipulation of autophagy can be applied in cancer therapy by inhibiting its protective function and inducing cell death instead. 96, 97 This has been studied preclinically in its infancy in OS treatment. 98, 99 Therefore, it demands for further investigations in OS to seek for effective therapeutic drugs targeting miRNAs-modulated autophagy. MiRNA let-7 is a main regulator of differentiation and associated with CSC phenotype. 110 Notably, the increased level of miRNA let-7
T A B L E 2 MiRNAs involved in apoptosis avoidance
| Activation of cancer stem cells
induced by JW74 triggered poorly differentiated cancer cells to differentiate, implying that tankyrase can modulate a switch between stemness and differentiation through dysregulated miRNAs. Subsequently, a recent study unveiled both tumour suppressor and oncogenic roles of miR-let-7d, a member of let-7 family. MiR-let-7d can modulate multiple associated genes in 3AB-OS cells which is a CSC line derived from MG63 cells. 111 A significant decrease in miR-29b-1 was detected in 3AB-OS cells, and miR-29b-1 was unveiled to negatively regulate stem cell markers including Oct3/4, Sox2, Nanog, CD133 and N-Myc, cell cycle-related markers such as CCND2, E2F1, and E2F2, and anti-apoptotic markers like Bcl-2 and IAP-2. Therefore, elevated miR-29b-1 suppressed stemness properties, cell proliferation, self-renewal, and drug resistance of 3AB-OS CSCs via direct or indirect interaction with these mRNAs. 112 These study findings reveal an internal connection between miRNAs and CSCs in OS, providing a new perspective for the study of CSCs to improve prognosis of OS patients.
| Alteration in signal pathways
Abnormal signal transduction pathways seem to regulate initiation, progression, and chemotherapy sensitivity to anticancer drugs in various cancers. There are several common OS-associated signal pathways which include Wnt/β-catenin, PI3K/Akt, IGFIR, Notch, TGF-β, and so on. Wnt/β-catenin pathway plays a role in osteoblast differentiation and was reported to be the most important one for OS tumourigenesis. 113 PI3K/Akt pathway is another crucial pathway participating in OS pathogenesis, and has been recently confirmed as a key vulnerability for OS treatment. 114 Some recent studies have demonstrated that miRNAs could elicit aberrant activities of OS-associated pathways to affect chemosensitivity (Table 1) .
Decreased miR-34c resulted in OS metastasis and chemoresistance by directly targeting the 3′-UTR of Notch1 and LEF1. 115 Sirolimus was reported to induce cell apoptosis and increase cell sensitivity to therapeutic drugs with an up-regulation of miR-34b targeting p21-activated protein kinase 1 (PAK1) and ABCB1. 116 The inactivating Wnt/β-catenin signalling pathway. 119 Generally, these results provide an appealing strategy to target miRNAs implicated in signal pathways to improve OS therapeutic effectiveness.
| THE CLINICAL UTILITY OF MIRNAS IN OSTE OSARCOMA DRUG RESISTAN CE
According to the above preclinical studies, these drug resistance-related miRNAs are expected to supplement or replace existing biomarkers of diagnosis or prognosis, and serve as promising candidates for therapeutic targets to overcome drug resistance in the coming future. 40 Several drug resistance-related miRNAs were mentioned to have a predictive role in clinical prognosis and survival time of OS patients. Clinically, reduced miR-382 was correlated with unfavourable prognosis in OS patients, due to its potent effect on chemoresistance to anticancer drugs. 62 OS patients with low expression level of miR-15b had obviously poor prognosis and shorter survival times because of chemotherapy resistance. 52 A low expression level of miR-143 was observed in OS samples, which had a significant connection with poor outcomes and shorter survival of OS patients with chemotherapy. 108 Reduced miR-34b level was perceived as a predictor of unfavourable outcomes of OS patients and associated with MDR, which was reversed by administration of sirolimus in vitro. 116 Besides, OS patients had a markedly higher level of serum miR-21, which was associated with advanced Enneking stage and chemoresistance, and served as an independent prognostic factor for OS patients. 120 Noticeably, some miRNAs have been reported to be rather promising therapeutic targets in preclinical or clinical studies in recent years (Table 3 ). The miR-34 family including miR-34a, miR-34b, and miR-34c, has been known as a tumour suppressor in cancers including OS and gained extensive attention. [121] [122] [123] [124] [125] [126] In substantial preclinical studies, treatment with miR-34 mimics was viewed as a novel miRNA-target therapy in cancers. 121, 127, 128 Besides, replenishment of miR-34 encapsulated in lipid nanoparticles was demonstrated to exhibit an anticancer effect in several malignancies in a phase I clinical trail (NCT01829971). 129 A recent study revealed that miR-34 mimics could trigger the perturbation of microtubule network and cell death in OS cells, implicating its possibility as a therapeutic agent in OS. 130 Recently, it is noted that miR-34 mimic brought significant benefits for treatment of metastasis in OS mouse models. 131 However, the optimal drug doses require further identification for application. The drug toxicity mentioned in this study was not associated with drug resistance.
The loss of let-7 is a prevalent phenomenon in various cancers, and its restoration obviously suppressed tumour growth and extended survival time in vivo. 132 It is indicated that replenishing let-7 might be a beneficial method in OS treatment, which remains to be investigated.
MiR-155 plays a critical and positive role in diverse cancer types. 133 Recently, a study has reported a successful delivery of antimiR-155 conjugated with a small peptide called pHLIP, and its therapeutic benefits without toxicity in a lymphoma mouse model, 134 which requires verification in OS models. Increased level of miR-221 which targets PTEN is of significance in hepatocellular carcinoma (HCC). A recent study revealed that antimiR-221 modified with cholesterol significantly inhibited tumour growth and prolonged survival time in a HCC mouse model. 135 However, the toxicity of cholesterol-modified antimiR-221 was not discussed in this study. To sum up, this review focuses on drug resistance-related miRNAs in OS through several molecular mechanisms, and provides insight in creating promising therapeutic strategies by targeting these miRNAs to reverse OS chemoresistance. 
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